sands region. The study sites had peat-mineral soil mix (PMM) as cover soil over a tailings 22 sand substrate planted to pine or an overburden substrate planted to spruce. Available P was 23 determined using a modified Kelowna extraction and sequentially extracted to obtain 24 exchangeable, Fe-and Al-bound, Ca-and Mg-bound, organic, and residual P. The organic P 25 content in PMM explained 83 and 65% of the variations in available P in the pine and spruce 26 sites, respectively. Phosphorus bound to Fe and Al in PMM was also positively related to 27 available P on pine sites (p < 0.001) but not on spruce sites. Available P in PMM was correlated 28 with aboveground biomass increment of spruce (p < 0.05) and explained 78% of the variation in 29 foliar P. Foliar P in both pine and spruce was lower than the adequate level for tree growth.
30
Low foliar P and available P in PMM affect the successful establishment of pine and spruce 31 trees on the reclaimed sites and proper P nutrition management is important to overcome P (Hedley et al. 1982) . Most of the P in peat is bound to organic matter and as occluded 86 Fe, Al, and Ca phosphate (e.g., Nieminen and Jarva 1996; Nieminen and Penttilä 2004) . Both
87
Fe-bound inorganic and organic P were also correlated with the stand volume growth on some 88 drained peat sites (Nieminen and Penttilä 2004) . As such, soil P availability is extremely 89 complex and needs to be systematically evaluated due to the dynamic transformations of P 90 between different pools; a comprehensive understanding of tree nutrition is not possible without 91 a better characterization of P in soils.
92
Considerable attention has been given to investigate P availability and fractionation in 93 reclaimed mine sites in different parts of the world. Phosphorus was a limiting factor in 94 restoring soil fertility on a newly reclaimed land after coal mining in China and dicalcium 95 phosphate was identified as the main source of variation in the capacity of soil to supply P 96 (Chen et al. 1998) . Some post-mining soils in northeast Germany were identified as P-deficient 97 and less P saturation in soils was coupled with rather small contents of oxalate extractable iron 98 and aluminum (Slazak and Freese 2015) . In some reclaimed mine sites in the Appalachian 99 region, plant-available P (i.e., P measured using bicarbonate extraction) was 32% lower than in 100 a managed forest (Simmons and Currie 2005 
141
The open-pit mine sites were re-constructed using PMM as the cover soil above 142 reclamation substrates including TS and OB materials. Pine and spruce were planted on TS and 143 OB sites, respectively. Details on site characteristics and understory plant communities are 144 given elsewhere (Jung et al. 2014; Duan et al. 2015 extractants will be abbreviated as follows: Ex-P, exchangeable or easily removable P; Fe/Al-P,
196
P associated with Fe and Al; Org-P, organically bound P; Ca/Mg-P, Ca and Mg associated P.
197
Inorganic P in various soil extracts and digests was determined colorimetrically using the 198 molybdate-ascorbic acid method. The difference between the total amount of P in the digested D r a f t NaOH extract and the amount of inorganic P detected in undigested NaOH extract was taken as 200 the amount of organic P present. Total P in the soil was determined after Kjeldahl digestion
201
(HClO 3 and HNO 3 acid digestion) of soil samples (Sparks et al. 1996) and P was measured 202 colorimetrically using the molybdate-ascorbic acid method. The sum of Ex-P, Fe/Al-P, Org-P
203
and Ca/Mg-P will be referred to as the total extractable P fraction. Residual P was calculated as 204 the difference between total P and the total extractable P determined by the fractionation was found in the PMM layer (1.9 mg kg -1 ) in the pine sites which was more than 4-fold greater 257 than that in the TS (Table 1) . Around 30 and 50% of total P was extracted during the sequential 258 P fractionation in PMM and TS, respectively (Fig. 1a) . High concentrations of Org-P and
259
Fe/Al-P fractions were found in both PMM and TS (Fig. 1b) . Although the largest Org-P 260 fraction (%) among all samples was found in TS (Fig. 1a) , the Org-P concentration was about 4 261 and 16 mg kg -1 in TS and PMM, respectively (Fig. 1b) .
262
In PMM, Ex-P, Fe/Al-P, and Org-P were all positively correlated with available P (Table   263 2). A significant correlation was found only between Fe/Al-P and Org-P among all the P (Fig. 1a) . A characteristic feature is the highest Ca/Mg-P concentration in OB as 276 compared to PMM and the greater Org-P concentration in PMM as compared to OB (Fig.1b) .
277
Among different P fractions, only Ex-P and Fe/Al-P in PMM were positively correlated foliar N:P ratio of 12 ± 0.7 (Table 1) . Foliar P concentrations in current and one-year-old 289 needles were not significantly different (Fig. 3a) . There was no significant relationship between 290 D r a f t 14 foliar P in current-year needles was related to soil available P in PMM in the pine sites ( Fig.   292 3b), with foliar P concentration showed a tendency to decrease when available P was greater 293 than ~ 3.5 mg kg -1 in PMM. Among different P fractions, only Ca/Mg-P and ABI were strongly 294 correlated in the pine sites (r = -0.67, p < 0.05).
296
3.4. Relationships between available P, foliar P and tree growth in spruce sites
297
Foliar P concentration in the current-year needles of spruce varied from 0.9 to 1.9 mg kg -298 1 , and the foliar N:P ratio was 9 ± 2.2 (Table 1 ). The available P in OB was not related with 299 either foliar P or ABI (Supplementary Table S4 ). Available P in PMM in spruce sites explained 300 78% of the variation in current-year foliar P concentration (Fig. 3b ). In contrast with the pine 301 sites, there was a significant correlation between ABI and foliar P concentration in current-year 302 needles (Table 3) . Also, the ratios between P and Fe, Mn and Zn in spruce needles were 303 positively and significantly correlated with ABI ( different despite having similar Org-P concentrations (Fig 1a) due to the varying degrees of P 318 retention by the Org-P (Table 2) .
319
The weak relationship between available P and Fe/Al-P in the spruce compared to the enhancing the availability of P in Fe/Al-P fraction as in the pine sites (Fig. 2) . Formation of 327 sparingly soluble Ca/Mg-P reduces P availability when the Ca concentration and pH is high in 328 soils (Sample et al. 1980 ), similar to that in most pine and spruce sites (Table 1) . Surprisingly, a 329 direct relationship between Ca/Mg-P and available P was not found in this study.
330
The Org-P mineralization may be important phenomena in pine and spruce sites due to 331 the marked influence of Org-P on available P. Although the total P in PMM is high (Table 1) , 332 mineralization into the available form was small as evident by the large differences between
333
Org-P and available P in PMM (Table 1, Fig. 2 ). The mineralization of Org-P can be influenced
334
by the different C:P and C:N ratios in PMM in the two site types ( Figure S2 ) and when N and P are released by microbial mineralization (Alexander 1967) Table S3 ).
355
Foliar P in pine needles did not increase with increasing available P in PMM (Fig. 3b) (Fig. 3b) . Further research is needed to investigate underlying mechanisms for low foliar P 363 in pine regardless the high available P in the soil. Although very low P concentration in TS can 364 reduce the capacity of the soil to supply P for pine growth (Fig. 1) , neither available P nor P 365 fractions in TS were significantly correlated with ABI (Supplementary Table S3 ).
366
The foliar P concentration in spruce was also lower than the adequate P concentration
367
(adequate when foliar P >1.6 mg g -1 ; Carter 1992) for tree growth. Most of the sites (Fig. 3a) 368
showed some level of P deficiency when compared with the thresholds established in the 369 literature (Carter 1992) and the growth of spruce was significantly related to available P in 370 PMM (Table 3) . The foliar N:P ratio of spruce was below the critical value of 11 reported for and foliar P levels after fertilizer application to determine the effectiveness of P application.
389
Additional research is clearly needed to further elucidate the mechanisms controlling P uptake 390 in pine sites in light of the low foliar P measured in those sites with high available P in PMM.
392

Conclusions
393
Both the lodgepole pine and white spruce stands we studied had below optimum levels of 394 foliar P concentrations, with foliar N and P ratios imbalanced in pine trees. Our results
395
demonstrated that there was no relationship between foliar P and tree growth rate in the pine 396 sites and the main limitation was with other growth factors such as water availability while P 397 was a limitation for the growth of trees on the spruce sites. Phosphorus availability varied 398 between the two site types owing to the variations in P fractionations. Low P availability is a 399 risk for long-term ecosystem development on some reconstructed sites in the AOSR and could 400 especially be a concern with planting nutrient demanding species such as white spruce on such 401 reclaimed soils. Phosphorus fertilization would be required to achieve better growth 402 performance in newly established ecosystems. Also, regular monitoring of soil P availability in 403 soil and foliar P levels is essential due to the potential for some reclamation materials to lower 404 the availability of P after it has been applied to reclaimed sites. Foliar N (mg g -1 )
Foliar N:P ratio Foliar Fe (mg g -1 )
Foliar Mn (mg g -1 )
Foliar Zn (mg g -1 )
Pine site Spruce site
Peat-mineral soil mix Tailings 
Supplementary Materials
S1. Relationship between increment of aboveground biomass based on one year growth measurement and mean annual increment based on total biomass and tree age for lodgepole pine and white spruce. a Aboveground biomass increment. b Ex-P, Fe/Al-P, Org-P and Ca/Mg-P represent exchangeable P, P associated with Fe and Al, organically bound P, and P associated with Ca and Mg, respectively. 
